The ability to model ''new'' (nitrate-based) production is crucial to predicting the ocean's role in the global carbon cycle. The ability to model the distribution of high-nutrient/low-chlorophyll (HNLC) areas is particularly important in this regard. Here I draw together three elements that appear to be necessary for constructing the required model: (1) iron limitation of algal growth rates as an ultimate cause of the HNLC condition; (2) ammonium inhibition of nitrate uptake and utilization as a proximate mechanism that leads to reduced nitrate use; and (3) the dependence of both processes on algal cell size. In the model, cells are postulated to maximize their growth rates by partitioning scarce iron between nitrogen-and carbon-related demands. The effect of iron limitation is postulated to depend on cell size through surface/volume effects on uptake efficiency; this dependence on cell size in turn affects phytoplankton community structure and community-level uptake of nitrate. The efficacy of the model is demonstrated by its ability to reproduce community-level curves of nitrate uptake versus ammonium concentration from both HNLC and non-HNLC areas. The partition formalism can be incorporated directly into ecosystem models; when implemented in an ecosystem model with multiple size classes, the model should produce HNLC versus non-HNLC conditions in appropriate locations and for appropriate reasons. In particular, the model's ability to produce iron-light and iron-light-nitrogen colimitation should be useful in understanding and predicting the HNLC condition in parts of the Southern Ocean. With suitable changes to parameter values, the postulated mechanism for iron partitioning may also prove useful in modeling iron and energy partitioning in nitrogen fixers. The ability to model the distribution of high-nutrient/lowchlorophyll (HNLC) areas, where concentrations of nitrate and phosphate remain high throughout the year, is critical to prognostic studies of the global carbon cycle. Empirical evidence suggests that the ability to model iron limitation of growth and nitrate uptake will be a key element in predicting HNLC conditions. As the prime example, a scarcity of iron has recently been shown to limit phytoplankton growth, biomass accumulation, and size and taxonomic structure in the equatorial Pacific, a major HNLC region (Coale et al. 1996) . Addition of iron to surface waters of this region caused a massive phytoplankton bloom and drawdown of nitrate, accompanied by a marked reduction in the fugacity of CO 2 (Cooper et al. 1996) . The possibility of similar conversion of the subarctic Pacific (La Roche et al. 1996) and the Southern Ocean (de Baar et al. 1995; Kumar et al. 1995 ) from HNLC to non-HNLC by the addition of iron is supported by more indirect evidence.
The ability to model the distribution of high-nutrient/lowchlorophyll (HNLC) areas, where concentrations of nitrate and phosphate remain high throughout the year, is critical to prognostic studies of the global carbon cycle. Empirical evidence suggests that the ability to model iron limitation of growth and nitrate uptake will be a key element in predicting HNLC conditions. As the prime example, a scarcity of iron has recently been shown to limit phytoplankton growth, biomass accumulation, and size and taxonomic structure in the equatorial Pacific, a major HNLC region (Coale et al. 1996) . Addition of iron to surface waters of this region caused a massive phytoplankton bloom and drawdown of nitrate, accompanied by a marked reduction in the fugacity of CO 2 (Cooper et al. 1996) . The possibility of similar conversion of the subarctic Pacific (La Roche et al. 1996) and the Southern Ocean (de Baar et al. 1995; Kumar et al. 1995 ) from HNLC to non-HNLC by the addition of iron is supported by more indirect evidence.
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The mechanistic basis of the HNLC pattern in the equatorial Pacific is thought to involve an interaction between grazing and iron limitation. In this scenario, resident (smallcelled) populations are kept in check by the grazing of microzooplankton (Banse 1990; Miller et al. 1991; Coale et al. 1996; Landry et al. 1997) . Larger phytoplankton species are thought to be more susceptible to iron limitation because of their smaller surface/volume ratios (Hudson and Morel 1990; Morel et al. 1991; Price et al. 1991; Sunda and Huntsman 1997) . Large phytoplankton are also thought to be controlled at low densities by the grazing of large, generalized grazers, such as copepods, whose populations are sustained by their ability to graze on smaller phytoplankton and zooplankton size classes. The result is a system in which size classes (particularly smaller size classes) are each limited by predation (i.e., they are controlled ''top down''), whereas total phytoplankton biomass is controlled through the scarcity of iron (''bottom-up'' control), leading to ''grazer-controlled phytoplankton populations in an iron-limited ecosystem'' (Price et al. 1994 ; see also Armstrong 1994 and Landry et al. 1997) .
Observed relationships between nitrate uptake and ammonium concentration are quite variable (Fig. 1 ). Wheeler and Kokkinakis (1990) hypothesized that this variability falls into two broad classes. The more usual curve is roughly hyperbolic, with nitrate uptake declining asymptotically to zero with increasing ammonium concentration. In the subarctic Pacific and certain other regions, however, uptake appears to decline almost linearly with ammonium concentration.
The working hypothesis of this article is that these differences are mechanistically related to the availability of iron, because the areas cited by Wheeler and Kokkinakis Cochlan (1986) , (b) Garside (1981) , (c) Glibert et al. (1982) , (d) Olson (1980) , (e) Price et al. (1994) , (f) Wheeler and Kokkinakis (1990) .
(1990) as having straight-line relationships are HNLC regions. The model I have created to describe this situation predicts that when iron is abundant and cells are growing at near-maximal rates, nitrate use should approach zero asymptotically with increasing ammonium concentration; in contrast, the model predicts that when iron is scarce, the nitrate uptake curve should intersect the ammonium axis at a finite ammonium concentration, becoming almost linear in areas of severe iron stress.
The basic postulate of the model is that when iron is in short supply, iron limitation affects the ability of cells to acquire both carbon and nitrogen. An additional postulate is that through their evolutionary history, phytoplankton have developed mechanisms to partition scarce iron between carbon acquisition and nitrogen acquisition to maximize growth rate. The model is based on this optimality argument, and some physiological detail has been sacrificed to allow the optimality argument to be used. One important simplification is that carbon metabolism and nitrogen metabolism are treated as being independent, whereas recent empirically based model structures allow carbon acquisition to depend on cell nitrogen (Sciandra et al. 1997; Geider et al. 1998) . Explicit modeling of physiological feedbacks between internal nitrogen stores and external ammonium and nitrate pools (Flynn et al. 1997 ) has also been suppressed for biogeochemical clarity. Nevertheless, the model structure provides a geochemically relevant framework within which new physiological results can be interpreted; it may therefore serve as a common meeting ground among physiologists, ecosystem modelers, and geochemists.
In the model, ammonium is the favored nitrogen source because it does not need to be reduced (Syrett 1981; Dortch 1990 ). When cells cannot satisfy their entire nitrogen requirement using ammonium, nitrate is taken up, and iron and reductant must be provided for nitrate reduction. Iron is partitioned between cell functions such that a certain fraction is allocated to nitrate reduction, and the remainder is reserved for cell functions related to carbon acquisition (part of which must be used to provide reductant for nitrate reduction). The partition fraction is altered dynamically to make the best use of limited iron and carbon to maximize phytoplankton growth rate; consequently, as ammonium concentration is increased, iron is shifted from nitrate reduction to energyrelated cell functions.
Ideally, such a model should be formulated in terms of the full dynamics of nitrogen, carbon, and iron use within cells. Fully dynamic approaches to carbon and nitrogen cycling have recently been proposed (Flynn et al. 1997; Sciandra et al. 1997; Geider et al. 1998), and Flynn (pers. comm.) has proposed a detailed mechanistic model for iron that is similar in concept to the model in this article. However, in the interest of biogeochemical simplicity, I have taken a quasi-steady-state approach for carbon and nitrogen, because these elements cannot be stored in great excess (Morel 1987) . This steady-state approximation for carbon and nitrogen is coupled to a fully dynamic description of iron cell quota, because iron can be stored in great excess (Morel 1987; Sunda and Huntsman 1995, 1997) . Steady-state optimality arguments are then used to predict growth rates and nitrate uptake rates as functions of iron cell quotas and ammonium uptake rates.
The resulting model allows cells to be colimited by iron, light, and nitrogen, so that if iron is scarce and there is not enough ammonium to supply the entire nitrogen requirement, cells will be colimited by light and nitrate reduction. Colimitation is not possible in models where iron is modeled as a direct limiting element (Loukos et al. 1997; Leonard et al. 1999) or where photosynthesis and nitrate reduction are modeled as being inhibited to equal degrees by lack of iron (Hurtt and Armstrong 1999) . For example, the iron-limitation parameterization used by Hurtt and Armstrong (1999) predicted chronic light limitation in spring and summer at ocean weather station ''India'' (OWS I); this limitation was necessary to prevent complete uptake of nitrate during the growing season. In contrast, the present model would predict iron-light-nitrogen colimitation under the same circumstances.
After deriving the model, I discuss qualitatively how it can be used to produce nitrate uptake curves that are approximately straight-line functions of ammonium concentration under iron limitation while also producing curves that are hyperbolic when iron is abundant. Finally, I combine a linearized version of the model, which accords well with the data of Sunda and Huntsman (1997) , with a model of algal size spectra (Hurtt and Armstrong 1996, 1999) to show that this combination can produce quantitatively the range of uptake curves shown in Fig. 1 .
Model
I begin with the Droop (1968) equation relating algal per capita growth rate (d Ϫ1 ) to cell quota q (the amount of a specified nutrient per cell, with units pmol cell Ϫ1 ):
In this expression, Ј ϵ max /(1 Ϫ q 0 /q max ), where q 0 is the minimum cell quota and q max is the maximum cell quota, so that → max as q → q max . In the Droop formulation, nutrient uptake parameters, cell quotas, and growth parameters are intimately related by the requirement that as steady state, a combination of Michaelis uptake kinetics with Droop dependence of growth rate on cell quota should yield Monod dependence of growth rate on extracellular nutrient concentration (Droop 1968; Goldman 1977; Burmaster 1979; Morel 1987) . At steady state, uptake rates of nutrient per cell are related to cell quota by q ϭ / (Droop 1968) ; substituting this into Eq. 1 and rearranging as in Goldman (1977) yields
for Յ max ϵ max q max . Expressing growth as a function of uptake rates will prove useful in the nitrogen equation, where uptake rates of ammonium and nitrate must be summed. I postulate that iron uptake is partitioned among cell functions to maximize growth rate (Fig. 2) . I hypothesize that a fraction of iron uptake is allocated to reducing nitrate and that this fraction determines the maximum flux of reduced nitrate, ,red , that is available for growth. When added to NO 3 the ammonium uptake rate, , which itself influences the NH 4 optimal value of , the flux of reduced nitrate, ,red , de-NO 3 termines the potential nitrogen uptake rate, N,pot , and hence the potential nitrogen-limited growth rate, N,pot . I also hypothesize that a fraction 1 Ϫ of iron is reserved for energy (carbon)-related cell functions, including photosynthesis and electron transport, and that this fraction determines a potential carbon-limited growth rate, C,pot . Finally, I posit that is dynamically altered to make the best use of limited iron by maximizing overall growth rate, ϭ min{ C,pot , N,pot }.
Mathematical forms for N,pot and C,pot must be specified as functions of iron availability. I will assume that the flux relevant to nitrogen limitation, N,pot , is the sum of a flux of reduced nitrate, ,red , and an ammonium flux , although NO NH 3 4 the model could be modified to include nitrate, urea, and other nitrogen sources. I also assume that the two iron fluxes needed for the model, for energy uptake and nitrate reduction, are each proportional to the amounts of iron that are allocated to these functions. Potential uptake-limited rates of nutrient use for ammonium and nitrate are defined by the Michaelis uptake curves:
NH ,pot N,max 4 NH 4 4 4 and
NO ,pot N,max 3 NO 3 3 3
Ammonium will be taken up at its maximum potential rate if the potential carbon-limited growth rate, C,pot , is high enough; otherwise, ammonium will be taken up at some lower rate, Ͻ ,pot .
NH NH 4 4
If the demand for nitrogen is too large to be supplied by ammonium uptake alone, nitrate will be taken up subject to the constraint that the total nitrogen uptake rate must be less than the maximum allowable nitrogen uptake rate, N,max . Nitrate uptake is additionally constrained by the availability of iron for nitrate reduction. When nitrate is abundant, the flux of reduced nitrate, ,red , is hypothesized to be proportional NO 3 to the amount of iron per cell, q Fe , allocated to the nitrate reduction system, multiplied by an efficiency term, ⑀ red , the rate of nitrate reduction that can be supported per unit iron. The potential total flux of nitrogen into the cell is then ϭ ϩ ,
N,pot NO ,red NH 3 4 yielding the potential nitrogen-limited growth rate,
In the Droop model, the relevant carbon flux is that which can contribute to an increase in the cell quota for carbon, q C ; it is therefore the net flux of carbon once metabolic losses for maintenance and growth have been subtracted (Droop et al. 1982) . Mathematically, the net flux of carbon (in excess of metabolic losses) is given by
C,pot growth Fe E bas red NO ,red
Here, ⌽ E is the rate of carbon fixation per unit of iron devoted to photosynthesis and related processes, so that (1 Ϫ )q Fe ⌽ E is the overall rate of carbon acquisition. The term m red ,red is the metabolic (carbon) cost associated with ni-NO 3 trate reduction; m red is therefore the reductant required per unit of reduced nitrate. In addition, the term m bas is a basal metabolic cost (assumed constant); if almost all metabolic cost can be associated with growth, this term will be nearly zero. Finally, the bracketed term, which represents the energy flux potentially available for growth, has been multiplied by an efficiency term, ⑀ growth , to account for metabolic losses associated with growth. Note that there are two distinct carbon costs associated with nitrate reduction: a direct cost, m red ,red , for reductant, and an opportunity cost, and electron transport proteins in the nitrate/nitrite system is small relative to the cost of reductant, the balance between nitrogen limitation and carbon limitation will still be properly represented. Equation 7 will be valid only up to some maximum value q for iron allocated to the carbon acquisition system, be-* Fe yond which additional iron allocated to chlorophyll and photosynthetic electron transport gives no further increase in growth rate (Sunda and Huntsman 1997) ; Eq. 7 therefore holds only for (1 Ϫ )q Fe Ͻ q . (It would be mathematically * Fe convenient to ignore this limitation, but the experiments of Sunda and Huntsman (1997) clearly show that growth rate stops increasing well before the maximum cell quota of iron, q Fe,max , is reached. This form of ''luxury consumption'' of iron is therefore quantitatively important and cannot be ignored.) The potential carbon-limited growth rate, C,pot , is then
Finally, to complete the model equations, we add a dynamic equation for iron quota, q Fe (Droop 1968) , that implicitly allows luxury consumption of iron:
Regions of limitation and colimitation Equations 3 through 9 define how the potential carbonlimited growth rate, C,pot , and the potential nitrogen-limited growth rate, N,pot , should depend on irradiance, E; iron uptake rate, Fe ; ammonium uptake rate, ; and nitrate uptake NH 4 rate, ,pot . The next step is to find a value for the iron NO 3 partition fraction that maximizes the realized algal growth rate, ϭ min{ C,pot , N,pot }.
Six cases must be defined. In cases where shortages of energy or iron cause limitation of nitrate reduction (cases ENr and FeENr below), will be determined by Eqs. 13a and 13b (below) and will lie in the interval (0, 1). In the case of iron-light limitation (case FeE), no nitrate will be reduced, and ϭ 0. In the remaining three cases of maximum growth rate (case M), uptake limitation of ammonium and nitrate (case UAN), and pure light limitation (case E), the value of is indeterminate.
To characterize cases ENr and FeENr, we must find from Eqs. 4 through 8 under the assumption that N,pot ϭ C,pot . This is most easily done by rewriting Eqs. 5 and 7 in the form (from Eq. 2)
Using Eq. 10 to rewrite Eq. 5 for nitrogen yields
Then, using Eq. 10 to rewrite Eqs. 7a and 7b for carbon yields, respectively,
C,0 growth C Eliminating from Eqs. 11 and 12 then yields NO ,red
[ ]
Equations 13a and 13b are quadratic in and can be solved in closed form for use in simulation modeling or for comparing the model to physiological data. To apply the model, we must first determine which of the six cases of limitation apply in a given situation. The set of decision criteria outlined below can be used to evaluate which case is appropriate; other sets may prove more efficient in certain circumstances. Note that the criteria must be applied sequentially, because each assumes that previous cases have been eliminated from consideration. The decision 
Origin of the Wheeler-Kokkinakis pattern
Single size classes under light-nitrogen and iron-lightnitrogen colimitation-In cases of light-nitrogen (ENr) and iron-light-nitrogen (FeENr) colimitation, the potential growth rates C,pot and N,pot are equal, so growth rate can be determined using either Eq. 6 or 8. It is more informative to use the nitrogen equation (Eq. 6) rewritten as Eq. 11. First, substitute 1/Ј N ϭ 1 Ϫ (1 Ϫ q N,0 /q N,max )/ max in Eq. 11 to obtain
NO ,red NH ,pot (Fig. 3) . However, for / max Ͻ 1, both the maximum values and the asymptotic value are lowered equally, so that the resulting curve now intersects the ammonium axis (Fig. 3) . For / max values that are small enough, only the top portions of these curves are nonzero, which (given a certain amount of scatter in data) is suggestive of a straight line (Wheeler and Kokkinakis 1990) .
Finally, Fig. 4 shows that this ''straight-line'' pattern can be produced even when phytoplankton are growing at an appreciable fraction of their maximum growth rates. For ex- Fig. 4 . On the ordinate is plotted the first term on the right side of Eq. 15, which is the reduction-limited nitrate uptake rate at zero ammonium normalized to the maximum nitrogen uptake rate [ ,red ([NH 4 ] ϭ 0)/ N,max ]; the fractional growth rate (/ max ) is NO3 plotted on the abscissa. Curves are plotted for q max /q 0 ϭ {4, 5}, which are reasonable values for nitrogen storage (Morel 1987; Geider et al. 1998). ample, with q N,max /q N,0 ϭ 4 (Fig. 4) , ,red / N,max ϭ 0.5 occurs NO 3 at / max ϭ 0.8.
Multiple discrete size classes-The observation of the previous section suggests one key component of the Wheeler-Kokkinakis pattern: that when organisms are iron-replete and growing at near-maximal rates, curves of nitrate uptake versus ammonium concentration for single species should be roughly hyperbolic, with zero asymptotes at large nutrient concentrations; but when cells are iron-deficient, one sees only the tops of the hyperbolas, which may be statistically indistinguishable from straight lines. However, the diversity of shapes present in Fig. 1, together with the large range of apparent half-saturation constants K that would be re-NH 4 quired to fit these curves, suggests that another factor must also be considered. I hypothesize that cell size is this other factor. Half-saturation constants for nutrient uptake should increase with algal size due to surface-volume considerations (Hudson and Morel 1990) , and there is theoretical (Hudson and Morel 1990; Aksnes and Egge 1991) and empirical (Eppley et al. 1969; Moloney and Field 1991) evidence that this scaling should be allometric (power law). For ammonium, the allometric dependence of the half-saturation constant K on size can be written
where L is cell size, L 0 is a reference size, x ϵ log(L/L 0 ),
is the half-saturation constant for ammonium uptake
at the reference size, and ␤ is the ''allometric coefficient''
for ammonium uptake. If an algal community contains species of several sizes, the resulting community uptake curve will be a mixture of their individual curves. To see this point, consider Fig. 5 . On the top row, I have constructed a model ''high-iron'' algal community with four species whose half-saturation values for ammonium uptake increase with size from 0.05 to 0.4 M. I have assumed that the two smallest species (half-saturation constants of 0.05 and 0.1 M) can grow at maximum rates, so the uptake curves for both of them are hyperbolas that are asymptotic to the ammonium axis. The larger two larger species, however, are assumed to be iron limited (because of surfacevolume considerations described by the iron analog of Eq. 16); they grow at / max ϭ 0.9 and 0.8, respectively. The nitrate uptake curves for these species therefore intersect the ammonium axis at finite ammonium concentrations. Finally, I have assumed that species that are large enough to have growth rates / max Ͻ 0.8 will be rare enough that they can be ignored, because their growth rates are too small to keep up with background mortality due to physical mixing and/ or generalized predation. Assuming that the four size classes that are present have roughly equal nitrogen biomasses (Chisholm 1992) , the resulting average (''ave'') curve is asymptotic to the ammonium axis. The curve is not a simple hyperbola but the sum of contributions of the constituent size classes.
In contrast, consider the ''iron-poor'' community depicted on the lower row of present, and even they are growing at submaximal rates (/ max ϭ 0.9 and 0.8, respectively). In this case, both species' nitrate uptake curves will intersect the ammonium axis, as will the average uptake curve.
Qualitatively, adding together the curves from several size classes can produce a wide range of shapes for uptake curves. As iron is increased in the presence of excess nitrate, smaller species will become less iron stressed and their growth rates will increase (compare, for example, the two rows of Fig. 5 for K ϭ 0.05 M). Larger species will also NH 4 be added as iron supply is increased, and the largest of these will be under iron stress. Quantitative fits to data, however, require that growth rates be related quantitatively to iron abundance; the approach taken to produce the quantitative fits in Fig. 1 is described in the following section.
Model simplifications for fitting data on community nitrate uptake One approach to modeling community nitrate uptake would be to create a model with multiple species with both size and taxonomic (e.g., diatoms vs. coccolithoporids) diversity and then simulate the dynamics of each population. The descriptions of phytoplankton growth must be embedded in a food-web model to allow for predation losses and predation-caused shifts in the abundances of different taxa (e.g., ).
This approach is too complicated for present purposes, however. Therefore, instead of developing a model that will produce size spectra, I will assume that the algal community consists of equal amounts of biomass in equal logarithmic size classes up to some largest size x max (Hurtt and Armstrong 1996, 1999; see also Chisholm 1992) . This spectrum is then integrated against a linearized steady-state version of Eqs. 13b and 14, and parameters are estimated to give the best quantitative fit to the data in Fig. 1 .
Limit of large growth rates-The first simplification is motivated by the now-classic study of Goldman et al. (1979) , who noted that although the amounts of the elements C, N, and P in natural phytoplankton assemblages are usually in Redfield proportions 106 : 16 : 1, these ratios are achieved in chemostat experiments only when / max Ն 0.9. Based on these observations, Goldman et al. (1979) concluded that in natural conditions, phytoplankton must typically be growing at a large fraction of their maximum rates. Then, because phytoplankton growing at near-maximal rates will have cell quotas near their maximum values, elemental ratios must be close to ratios of maximum cell quotas. To see this, note that 1 Ϫ /Ј ϭ 1 Ϫ (/ max )(1 Ϫ q 0 /q max ) → q 0 /q max (17) as / max → 1. In this limit, Eq. 13b reduces to
Because Eq. 18 is linear in , it can easily be rearranged into the more transparent form:
Although Eq. 19 has been derived as a simplification of Eq. 13b to allow fitting nitrate uptake curves, it may prove to be of more general utility, because Sunda and Huntsman (1997) have shown an almost linear relationship between iron cell quota and growth rate (up to a point of saturation) in a variety of algal taxa. In the limit of rapid growth, it is also true that ,red ϭ NO 3 N,pot Ϫ ,pot ഠ q N,max Ϫ ,pot ; substituting this into Eq.
NH NH 4 4
19 and rearranging yields
NO ,red
Equation 20 demonstrates three consequences of increasing ammonium uptake, ,pot : (1) that iron allocation shifts
away from nitrate reduction, as it should; (2) that this replacement is not one-for-one, because the denominator of Eq. 20 is Ͼ1; and (3) that the quantitative strength of the shift depends on light through ⌽ Fe .
Instantaneous adjustment of q Fe in the limit of large growth rates-The second simplification arises from the need to recast Eqs. 19 and 20 in terms of Fe rather than q Fe , because Fe can be modeled as having a relatively simple relationship to cell size and ambient iron concentration (the iron equivalent of Eq. 16); there is no equivalent relationship for q Fe . In general, we could substitute q Fe ϭ Fe / in Eq. 19, Table 1 . Parameter values for the fits of Fig. 1 . The first three parameters were fit in common to all data sets, and the other parameters were fit with respect to a particular data set. For the fractional iron uptake rates of the smallest size class Fe (0)/ Fe,max (0), the numbers in parentheses are the estimated fractions multiplied by ␣ E Fe,max (0)/ N,max (0) ϭ 41.0, and so are ␣ E Fe (0)/ N,max (0). Values of ␣ E Fe (0)/ N,max (0) Ͼ 1 imply that the smallest size classes are iron replete and can perform luxury consumption of iron, whereas values Ͻ1 imply iron limitation of even the smallest size classes (see Fig. 5 ). Parameters without specified units are dimensionless.
Parameter
Data set Value Units (1990) 0.12 6.06
which would result in a quadratic equation in . However, in the limit / max ഠ 1, we can make the simplifications (1) that q Fe ഠ Fe / max and (2) that m bas is small compared to energetic requirements for growth. These assumptions yield the following simplified form of Eq. 20:
where
and
Fitting the model to field data
The distribution of size dependence used here is one of ''equal maximum chlorophyll in equal logarithmic size classes'' (Chisholm 1992) , where ''equal maximum chlorophyll'' is interpreted as equal nitrogen at maximum chlorophyll : nitrogen (Sakshaug et al. 1989; Hurtt and Armstrong 1996, 1999) . We define x ϭ log(L/L 0 ), where L is the equivalent spherical diameter and L 0 is the diameter of the smallest phytoplankton present (L 0 is assumed to be the same for all communities, roughly corresponding to the size of Prochlorococcus); the size distribution is therefore uniform (in nitrogen) on (0, x max ). Although this distribution is far from universal (Gin 1996 and references therein), it is a useful starting point for fitting data from natural populations; as knowledge of the causes of size distributions develops, better approximations will become possible.
Two studies were chosen to represent non-HNLC areas: the Scotian Shelf (Cochlan 1986 ) and the New York Bight (Garside 1981) . Two studies were chosen to represent HNLC areas under putative iron limitation of total algal production: the subarctic Pacific (Wheeler and Kokkinakis 1990) and the equatorial Pacific (Price et al. 1994) . Finally, two studies of the Southern Ocean (Glibert et al. 1982; Olson 1980) , where the cause of the HNLC condition may also involve light limitation due to persistently deep mixing (Mitchell et al. 1991; Nelson and Smith 1991) , were included to assess whether the model could be used to deduce information regarding the causes of the HNLC condition in this region.
Data points corresponding to low-light conditions were discarded, because I wanted to fit common values of ␣ E and ␤ E to all data sets, and nitrate uptake is known to be reduced under low light (Caperon and Ziemann 1976) . Specifically, the Ͻ5% light category in Garside (1981) and the 0.1 and 6% light levels in Glibert et al. (1982) were removed. In addition, only the strongest relationship from Wheeler and Kokkinakis (1990; their fig. 6A , solid circles, data from June 1987) was fit to the models.
Fits were performed assuming that phytoplankton in a given location were in either case M (maximum growth rate), case FeENr (iron-light-nitrogen colimitation), or case FeE (iron-light colimitation). The smallest size classes would tend to be in case M, and the largest would tend to be in case FeE, with cells of intermediate size in case FeENr; however, the fits suggest that not all cases were present at every location (e.g., the subarctic Pacific, where the fit suggests that even the smallest size classes are in case FeENr).
Values for three parameters were assumed to be common to all studies, both to lessen the number of free parameters and to emphasize the flexibility of the model: the common parameters are (1) K (0); (2) ␤ E ; and (3) ␣ E Fe,max (x ϭ 0)/ NH 4 N,max (x ϭ 0), the fraction of maximum uptake rate allowed for the smallest size class in the absence of ammonium. Other parameters were fit on a per-study basis: (4) fractional saturation of iron uptake of the smallest size class Fe (x ϭ 0)/ Fe,max (x ϭ 0), one for each of the six data sets; and (5) total maximum uptake rates at [NH 4 ] ϭ 0 for the two data sets with absolute uptake rates instead of f ratios ( Fig. 1e,  1f ; see also Table 1 ).
The curve-fitting procedure was a variant of the method of Metropolis et al. (1953; see also Press et al. 1986) . In this procedure, a set of parameter values is used to generate a model prediction ŷ i at each data point i. The likelihood, L, of the data set given the model is then calculated from 
where is the model variance associated with data point i.
2 i A constant coefficient of variation (Hurtt and Armstrong 1996) was specified by setting i ϭ aŷ i at each data point. Fitting proceeds by trying new values for parameters, comparing the previous likelihood with the new one, accepting parameter values associated with higher new likelihoods (plus a fraction of parameter values associated with lower new likelihoods, to avoid the problem of becoming trapped at a suboptimal peak), automatically searching parameter space for the best fit to the model. f ratios always lie in the interval (0, 1); therefore, to give all data points the same weight in the likelihood estimate, the data from Wheeler and Kokkinakis (1990) and Price et al. (1994) were normalized by dividing both data points y i and predicted values ŷ i by the corresponding maximum nitrate uptake rate.
Full details of the equations that were fit and of the procedure that was used for partitioning the spectra into segments corresponding to cases M, FeENr, and FeE are available from the author.
Results
Results of curve fitting are depicted in Fig. 1 , and the parameter estimates are summarized in Table 1 . The value K (0) ϭ 0.102 mol m Ϫ3 is quite reasonable (Eppley et al. NH 4 1969; Moloney and Field 1991; Carr unpubl. data) . Values for the other two common parameters, ␣ E and ␤ E , are difficult to interpret, because these parameters are predicted to vary with light, which was an unmeasured covariate that varied both within and between data sets. For this reason, the fits produced can only be taken as qualitative confirmation of the model's soundness; more work is needed to confirm its quantitative details. The inferred degree of saturation of iron uptake of the smallest size classes Fe (0)/ Fe,max (0) varied as expected, being high in the New York Bight (Fig. 1b) and low in the equatorial Pacific (Fig. 1e ) and subarctic Pacific (Fig. 1f) . In curves a through e of Fig. 3 , ␣ E Fe (0)/ N,max (0), the potential fraction of nitrate reduction in the smallest cells, was much greater than unity, implying the potential for significant luxury consumption of iron (Sunda and Huntsman 1995) , at least by the smaller size classes. All these curves approached the ammonium axis asymptotically but did not intersect it. In the subarctic Pacific, in contrast, even the smallest size class was predicted to be acquiring iron at too low a rate to allow a maximum growth rate; the curve of nitrate uptake versus ammonium concentration (Fig. 3f ) therefore intersects the ammonium axis at a finite value (ഠ0.15 mmol m Ϫ3 ). In the Southern Ocean (Figs. 1c, 1d) , fractional saturation values were closer to those in non-HNLC areas than to those in HNLC areas (Table 1) . One technically relevant point is that both Glibert et al. (1982) and Olson (1980) drew straight lines through their data, prompting the remark by Wheeler and Kokkinakis (1990) that two distinct types of inhibition curves may exist (presumably for HNLC and non-HNLC regions). However, the requirement that f ratios must converge to f ϭ 1 at [NH 4 ] ϭ 0 makes hyperbolic fits more reasonable in these plots from the Southern Ocean.
A more important caution in interpreting the Southern Ocean plots is that they were constructed from data that were partly from shelf zones close to the ice margin, partly from ocean-open stations south of the Polar Front, and partly from stations north of the Polar Front. These zones appear to have very different levels of iron limitation. For example, Helbling et al. (1991) found a significant growth response to iron addition in the open ocean south of the Polar Front but no response in the shelf zone. Although the model fits to these data sets (Fig. 1) are therefore of limited value, fits to regionally restricted data sets should be useful both in diagnosing iron limitation and in predictive modeling.
Discussion
The interaction of ammonium and nitrate, where availability of ammonium ''inhibits'' use of nitrate, is a key feature of many ecosystem models used in carbon-cycle research. Typically, this inhibition is represented by a simple mathematical expression multiplied by the nitrate uptake term (e.g., Wroblewski 1977; Fasham et al. 1990; Frost and Franzen 1992) . However, use of the same functional form everywhere may be incorrect. In particular, Wheeler and Kokkinakis (1990) have suggested that there may be two types of functions relating nitrate uptake to ammonium concentrations: hyperbolic curves that asymptotically approach the ammonium axis and straight lines that intersect the axis at finite ammonium concentrations. The model developed here suggests that these two curves are limiting cases of a general hyperbolic model, which in the case of iron repletion should approach the ammonium axis asymptotically but which under increasing iron stress may intersect the ammonium axis (Fig. 3 ). If this model is correct, the strong ammonium inhibition of nitrate uptake observed by Wheeler and Kokkinakis (1990) is only the proximate cause of low nitrate use in the north Pacific; the ultimate cause would be low iron, and their article might be retitled ''Iron scarcity limits cell size and nitrate use in the oceanic subarctic Pacific.'' Iron would limit total nitrate use both by limiting nitrate utilization within algal size classes and by excluding larger size classes from the phytoplankton community (Banse 1991; Armstrong 1994; Armstrong et al. 1994; Price et al. 1994) .
By suggesting that iron may be an important unmeasured covariate in studies of ammonium inhibition of nitrate uptake, the present model may help explain the broad range of ammonium inhibition results that have been obtained. Dortch (1990) , for example, has argued that the commonlyaccepted paradigm of severe ammonium inhibition of nitrate uptake at ammonium concentrations Ͼ1 M is far from universal; considering iron concentration as a covariate may lead to the recognition of a more nearly universal pattern.
Laboratory and field studies support the mechanistic basis of the model. Reuter and Ades (1987) showed that adding iron to cultures of Scenedesmus quadricauda increased nitrate uptake significantly, whereas ammonium uptake remained relatively constant, a finding that is in direct support of model premises. Iron addition to natural phytoplankton assemblages in the equatorial Pacific yielded similar results (Price et al. 1994 ). Explicitly including iron in modeling the ammonium-nitrate relationship should lead to advances in both understanding and predictive capability not attainable from empirically derived models containing only ammonium and nitrate, including those of Zevenboom and Mur (1981) , Harrison et al. (1987) , and Collos (1989) .
Quantitative comparisons of the model to empirical results are also instructive. Plots of nitrate uptake versus ammonium concentration from non-HNLC areas (Cochlan 1986; Garside 1981 ; see Fig. 1 ) tend to have long tails that appear hyperbolic. In contrast, a fairly straight line that intersects the ammonium axis was produced by fitting data to the North Pacific (Wheeler and Kokkinakis 1990 ; Fig. 1f) , whereas a sharply descending curve with a long tail was produced by data from the equatorial Pacific (Price et al. 1994 ; Fig. 1e ). Fits to data from the Southern Ocean south of the Polar Front (Glibert et al. 1982; Olson 1980) tend to look hyperbolic, with larger values of the fractional uptake saturation Fe (0)/ Fe,max (0) ( Table 1 ) than in HNLC regions; the heterogeneity of these data sources, however, dictates that this result must be viewed with caution (see ''Fitting the model to field data'').
The data fits shown in Fig. 1 were produced by assuming that all size classes present were in case M (unlimited growth), case FeE (iron-light colimitation), or case FeENr (iron-light-nitrogen colimitation). In general, some species present could also be in case E (pure light limitation), case UAN (ammonium-nitrate uptake limitation), or case ENr (light-nitrogen colimitation). These cases could not be examined within the limitations of the fitting procedure used but could be represented in a more complete model of size spectra and taxonomic diversity (e.g., Armstrong 1999). Inclusion of these cases would further increase the range of uptake curves that the model could produce.
It would be most interesting to analyze plots of f ratio versus ammonium concentration from different sectors of the Southern Ocean with different levels of iron limitation. Ironlight colimitation (Sunda and Huntsman 1997) , for example, can be represented explicitly in the present model, and sizefractionated measurements of the relation of nitrate uptake to ammonium concentration may indicate that some size classes are indeed under iron-light limitation. It may yet turn out that iron limitation, grazing, and deep convection (Mitchell et al. 1991; Nelson and Smith 1991) are not alternatives but are all necessary to explain the HNLC condition in the Southern Ocean.
